ABSTRACT The aim of this study is to present further data on the timing and variation of individual permanent mandibular teeth using Demirjian stages from a large collaboration. Seven mandibular permanent teeth were assessed from dental radiographs of healthy dental patients from Australia,
Many studies of dental maturation during the last 50 years have described the timing of permanent tooth formation stages. Several reports remain important because they include very young children and follow individuals longitudinally (Moorrees et al., 1963) or use clearly defined stages and a large sample (Demirjian et al., 1973; Demirjian and Goldstein, 1976; Demirjian and Levesque, 1980; Demirjian, 1994) , although none give full descriptive results. The ease of statistical analyses and a better understanding of age estimation have highlighted the lack of descriptive data of the timing of tooth formation stages. This paper presents detailed results from a collaboration of published cross-sectional studies organised by Nils Chaillet in Canada that has resulted in several published reports including a polynomial approach to Demirjian's dental maturity scale (Chaillet et al., 2004; Chaillet et al., 2005) and maturity data of individual tooth stages . Tooth formation data are presented here in different formats to assess maturity and estimate age using developing teeth in living children, in forensic cases, or in archaeological cases where sex is uncertain.
MATERIAL AND METHODS
Tooth formation data from dental radiographs using Demirjian stages (Demirjian et al., 1973; 1976; Demirjian, 1994) were combined to form the International Data Base. The sample consisted of cross-sectional data from published studies from Finland, Sweden, England, Korea, Belgium, Australia, Belgium, Canada and France (Nyström et al., 1986; Nyström et al., 1988; Kataja et al., 1989; Liversidge and Speechly, 2001 ; Teivens and Mörnstad, 2001 ; Willems et al., 2001; McKenna et al., 2002 ; Chaillet and Demirjian, using logistic regression and modified for age prediction. The 51% confidence interval for age within stage of individual tooth stages was calculated for use in forensic age estimation where the burden of proof is on the balance of probabilities. Average age, standard deviation, standard error, 3rd and 97th percentile within tooth stage was calculated from a uniform age sample (171 for each year of age from 3 to 16, n = 2,394). Modified maturity data and average age within stage from the uniform age distribution are two new methods of age estimation. Dental Anthropology 2010;23(1): 16-23. 2004 ). The sample studied in this paper, after cleaning was radiographic data from 4,710 males and 4,661 females aged 2 to 18 (when all individuals had reached second molar maturity) shown in Figure 1 (left). Previous results of the timing of Demirjian tooth stages of individual teeth are available for males and females for each group separately (Finland, Sweden, England, Korea, Belgium, Australia, Belgium, Canada and France) and for all groups combined for individuals from age 2 up to and including 16 years of age (Table 9 in .
Mean age of entering a tooth stage was calculated by logistic regression for males, females and sexes combined (Table 1) . Logistic regression calculates the average age at entry of a specific formation stage and represents the age when half of children at that age, have reached or passed the stage (Taranger, 1976; Eveleth and Tanner, 1990; Cameron, 2004) and is similar to probit regression used to calculate mean age of tooth eruption (Liversidge, 2003) . In this regard the mean age is identical to median age, half of children enter the stage prior to mean age, and half enter subsequent to mean age. This is an appropriate method to compare maturation between groups; it is not equivalent to the mean or median age of a child in the specific maturity stage (see below). Maturity data were modified for each stage of each developing tooth (Table 2) by adding half the interval to the next stage (see Smith, 1991) . The second way of presenting results is the 51% confidence interval of age for each individual tooth stage. This was calculated using the 24.5th and 75.5th percentiles of average age within stage (Table 10 from and is shown in Table 3 . This is slightly greater than the inter-quartile range and just over half of individuals in the specific stage will fall within this interval. The third way data are presented is average age within stage from a uniform age sample. The age cohort with the lowest number of children was 171 for three year olds (87 male, 84 female) and 87 males and 84 females were randomly selected from each year of age from 3 to 16 (total n 2,394, Figure 1 right). Descriptive statistics of age within individual tooth formation stages, including 3rd and 97th percentiles (using the normal deviate, see Cole, 2002) were calculated from this group and are shown in Table 4 . This is referred to as L10a in Liversidge et al. (2010) in a comparison of dental age estimation methods using the same target sample of Maber et al. (2006) .
RESULTS AND DISCUSSION
Maturity data representing the average age entering a tooth formation stage (age when half of children have reached or passed the stage) are shown in Table 1 . The ages when 3% and 97% of girls and boys had entered some stages including D (crown complete with initial root) and H (mature apex) are shown in Figure 2 . The left and right hand edges of the open diamond are the ages when 3% and 97% of girls had reached or passed this stage. Filled diamonds are data for boys. The sex difference is smaller for earlier stages and greatest for stage H (mature apex) of the canine. This is the only appropriate measure of the final maturity stage. Smoothed cumulative frequency distribution curves are shown for M2 stages in Figure 3 . This is the only tooth in this study where data are available from crypt stage to mature apex; however the variation for early tooth stages is probably unrepresentative as Diamond extends from 3rd to 97th percentile, apex is mean age. Open diamonds females, solid diamonds males. this collaborative study includes only 38 two year olds. Maturity data modified for age prediction are shown in Table 2 (referred to as L9a in Liversidge et al., submitted) . Once a tooth reaches the most mature stage (apex closed with mature periodontal ligament width) age cannot be estimated using development and this stage is omitted from tables of modified maturity data and within stage data. The second type of result is the 51% confidence interval ( provides a means to test if a target sample is representative (Konigsberg et al., 2008) ; 24.5% should fall below the interval, 51% within the interval and 24.5% above. The third type of result is average age within stage from a uniform age distribution (similar number of individuals in each age category). Konigsberg and Frankenberg (1992) suggest that age could be more accurately estimated using a reference sample based on a uniform age distribution.
Results of this type from this study are shown in Table 4 and are referred to as L10a in Liversidge et al. (submitted) . This flat age distribution, together with an adequate sample size and wide age range, are important features of a reference sample that contribute to accuracy (Konigsberg and Frankenberg, 2002; Konigsberg et al., 2008) . Understanding how maturity data differ to within stage data is challenging and Figure 5 illustrates some of these A tooth is considered to be 'in' a stage until it enters the next stage. The shaded area shows the age interval of all individuals within stage D; ranging from the youngest (most dentally advanced) to the oldest individual in that stage (most dentally delayed). Maturity is a continuum and we arbitrarily divide this into discrete stages, even though the process of maturation is gradual. Stage D in molars is defined as crown complete with initial root spicules visible at the mesial and distal edges. These root spicules increase in length and the root bifurcation becomes visible, firstly as a dot or line, then as a semi-lunar radio-opacity. Once this occurs, the tooth is deemed to be in stage E. The three types of tooth data in this study are summarised in Figure  5 . Mean age at entry for M2 stage D is shown as a dot, maturity data modified for age prediction for this stage is shown as a triangle. The age interval for individuals 'in' stage D, extends from the youngest child in stage D, up to the age when the most delayed child leaves this stage and enters the next stage (when all individuals have entered stage E). The age range of individuals within stage D and E are marked. The 51% age coverage for stage D is also shown. This figure was chosen for the forensic odontologist where the burden of proof is 'on the balance of probabilities.' This is an expression of the probability of estimated age being on one side of an age threshold. If an individual of unknown age presents with a second permanent molar in stage D (crown complete with initial root), the 51% age interval (from Table 3 ) is 7.01 to 8.50. On the balance of probabilities, the age of this individual is older than six but younger than nine.
The existence of population differences in dental maturity is unclear and uncertain. Many studies report that a minimum age of 7 is too old to calculate the average age for this stage. Significant differences between groups have also been shown using a single dental maturity score such as Nolla (Nolla, 1960) or Demirjian (Demirjian et al., 1973; 1976; Demirjian, 1994) . These have been interpreted as due to either a secular trend or regional differences in dental maturation but little attempt has been made to investigate this more fully. There is little doubt that these differences occur, but it is questionable if they have any differences and similarities indicate, but no clear pattern or developmental shift is evident. Most studies of dental maturity are based on children of European origin. Mean age at entry for individual tooth stages was compared in the groups of this collaborative study. Children in Canada, Finland, Sweden, Belgium, England, France, Australia and a small group from Korea showed a wide age range of individuals within each tooth stage with many similarities in average age at entry . No single tooth type was consistently earlier or later and no clear pattern emerged from this analysis. A comparison of mean age at entry of tooth stages by Moorrees et al. (1963) on White and Bangladeshi children aged 2 to 22 in London, United Kingdom showed few significant differences in mean age between these ethnic groups (Liversidge 2009 ). The lack of published data of dental maturity from other regions of the world is sparse, but being addressed. Preliminary results from a worldwide comparative study showing stage H (apex mature) of the mandibular first molar in girls is shown in Figure 7 . Smoothed cumulative distribution curves and 95% confidence interval of mean age (calculated from one year age groups using probit regression) are shown from the following regions: Australian Aboriginal (Liversidge and Townsend, 2006) , Inuit, Japanese, Maori and Pacific Islanders (Moananui et al., 2008) , South African Black and Cape Coloured, UK, Bangladeshi and White (Liversidge, 2009 ). The most advanced girls (youngest) girls in this stage are 6 years old and by 12, almost all have reached this stage. The average age at entry, when 50% of girls have reached this stage, is similar between groups, although two groups are slightly earlier than the others.
These similarities between the reference study and the present study and between world groups are supported by recent histological findings in the duration of crown formation (Reid and Dean 2006) between the past and the present. For instance, molar crowns take around 3 to 3.4 years to develop in maxillary, mandibular, first, second and third molars from Medieval Danes, northern European, South African Black and North American groups (Reid and Dean, 2006) . The largest permanent crowns are found in Australian aborigines and the duration of enamel formation in molars in three first molars from this group is from 3 to 3.5 years (pers. comm. DJ Reid) . Despite little documentation of the rate of dentine growth and root formation between individuals or groups, these findings suggest that the time it takes to grow a tooth is similar across time and between groups, especially at the resolution of crown and root fractions from radiographs.
Assessing maturity or estimating age from crown and root stages is usually used for an individual child. In this regard the individual is compared to reference data while, in human biology, differences between groups are of interest. Small differences in the mean age of individual tooth stages at the group level have little influence on the estimated age for an individual. Population specific reference data of radiographic tooth stages may be The time interval between the original study Demirjian et al. (1973) and the present collaboration is between twenty to forty years. Mean age at entry of individual tooth stages in girls from the Canadian reference (triangles apex at bottom; Demirjian and Levesque, 1980) and this study (triangles apex at top) are shown in Figure 6 . The largest differences occur as a single stage difference in four teeth; the earliest stage with data for both incisors and canine and the second stage for first premolars with mean age in the recent study being later than the original reference. The mean ages in subsequent stages in these teeth are similar or close in age. A comparison of the most mature stage in all tooth types is similar or marginally earlier in the recent study compared to the reference. It is unclear what these unnecessary and until evidence is available to show otherwise, the methods of age estimation presented here are appropriate for individuals from all groups.
CONCLUSIONS
New data on the timing of Demirjian stages from a large sample are presented in several ways. Two of these (modified maturity data, average age within stage from a uniform aged group) are new methods appropriate to estimate age from individual permanent teeth. The 51% coverage age interval for individual tooth stages are described for forensic age estimation where the burden of proof is on the balance of probabilities. These results represent the biggest data set and therefore probably the most reliable maturity reference and age estimation methods for mandibular permanent tooth formation using Demirjian stages in humans. 
